The NOMAD ("Nadir and Occultation for MArs Discovery") spectrometer suite on board the ExoMars Trace Gas Orbiter (TGO) has been designed to investigate the comThis paper is dedicated to the memory of M. Allen, V. Formisano, and J. McConnell. position of Mars' atmosphere, with a particular focus on trace gases, clouds and dust. The detection sensitivity for trace gases is considerably improved compared to previous Mars missions, compliant with the science objectives of the TGO mission. This will allow for a major leap in our knowledge and understanding of the Martian atmospheric composition and the related physical and chemical processes. The instrument is a combination of three spectrometers, covering a spectral range from the UV to the mid-IR, and can perform solar occultation, nadir and limb observations. In this paper, we present the science objectives of the instrument and explain the technical principles of the three spectrometers. We also discuss the expected performance of the instrument in terms of spatial and temporal coverage and detection sensitivity.
Spectral coverage of the three spectrometers of NOMAD, along with an indication of a typical radiance in nadir (red line) during daytime modified version of SOIR, and UVIS has heritage from the development in the context of the Humboldt lander. NOMAD will provide vertical profiling information for atmospheric constituents at unprecedented spatial and temporal resolution. Indeed, in solar occultation, the vertical resolution is less than 1 km for SO and UVIS, with a sampling rate of 1 s (one measurement every 1 km), and occultations will range from the surface to 200 km altitude (height-dependent sensitivities for species will be presented in this paper). NOMAD will also provide mapping of several constituents in nadir mode with an instantaneous footprint of 0.5 × 17 km 2 (LNO spectrometer) and 5 km 2 (UVIS spectrometer) respectively, with a repetition rate of 30 Martian days. The TGO orbit will allow NOMAD to sample a wide range of local times, hence strongly improving existing climatologies for water vapor and carbon monoxide, and developing new climatologies for e.g. HDO and methane. By providing the best-to-date measurements of H 2 O and, co-located and simultaneously, HDO, hence D/H, NOMAD will contribute significantly to improve our knowledge of the Martian water cycle and the hydrogen escape process, and as such to the long-term fate of the Martian atmosphere. A highly sensitive monitoring of the well mixed, moderately long-lived gas CO will allow NOMAD to provide better insights in important mixing processes related to trace gases that are enriched upon condensation of the main atmospheric constituent, CO 2 . NO-MAD will also allow for a highly sensitive diurnal monitoring of CH 4 throughout 1 Martian year, allowing for the first time to assess and understand the presence or absence of this unstable organic trace gas, and in the case of confirmed presence, to provide constraints to its origin and fate.
Scientific Objectives
The scientific objectives of the NOMAD instrument can be categorized in three inter-related domains. These are compliant with and follow closely the science objectives of the TGO mission that were presented in Zurek et al. (2011) . NOMAD will first of all gather information on a wide selection of trace gases and therefore help to better constrain the chemical composition of the Martian atmosphere. Then, based on these observations, climatologies of different species as well as of dust and clouds will be developed or improved and extended. Finally, the large new data sets comprising vertical profiles and mapping not only of trace gases, but also of the main constituents, temperature and dust/clouds, will be analyzed by cross-correlations and in combination with atmospheric models. This will allow for a more global understanding of the Martian atmosphere, including the source and sink processes of the different species. Table 1 lists the NOMAD scientific objectives and links these to the capabilities of the instrument and expected data. The various scientific objectives are described in detail below. A.C. Vandaele et al. , will provide resolved spectra allowing unambiguous separation of absorption lines, ensuring therefore a high sensitivity for the search of trace gases and isotopologues. In nadir mode, the horizontal and local time distribution of the total column density of several species will be measured. A list of targeted species in nadir mode is provided in Table 2 .
The NOMAD target species can be classified in the following categories:
Standard Photochemistry
Although the Martian standard photochemistry is relatively well understood from models and observations to date (see Haberle et al. 2017 and references therein), several aspects are still unknown or assumed. For a start, the Martian CO 2 atmosphere is normally unstable under photolysis, but a complicated mechanism involving the minor gas water vapor, and photolysis products of both CO 2 and H 2 O, leads to a stabilization of the atmosphere. One of the key species in this process, HO 2 , has never been measured on Mars. HO 2 is in NOMAD's target list and will be detectable in solar occultation mode. Therefore, NOMAD can not only confirm the presence of this species, but also measure it in highly resolved vertical profiles collocated and simultaneously with other relevant gases, such as H 2 O and O 3 . Also for the first time, detailed vertical profiles of CO will be provided, which is another key player in the stabilization problem. Especially in the upper atmosphere, the CO abundances are controlled by chemistry. NOMAD will contribute to an improved understanding in this region, in combination with upper atmospheric chemistry measurements by IUVS on MAVEN.
A highly reactive species on Mars is ozone, which is formed by the reaction of atomic and molecular oxygen and is photolyzed during daytime. The destruction of ozone is strongly controlled by odd hydrogen radicals (Garcia Munoz et al. 2005; Lefèvre et al. 2004) . As a result, there exists a marked anti-correlation between O 3 and H 2 O, which has been confirmed by observations of the total column density of these species (e.g. Perrier et al. 2006) . The interaction between these species varies however with altitude, because it is impacted by global circulation patterns and cloud formation , especially during the aphelion season. NOMAD will be the first instrument that can fully address these complicated processes, by collocated and simultaneous high vertical resolution observations of the key species (H 2 O, O 3 , HO 2 , . . . ) in combination with ice clouds, through the combination of its IR and UV spectrometers. It is therefore mandatory that the TGO orbit and operations allow for a dense sampling of the aphelion season, which is the nominal plan.
Water Cycle
Water is one of the most important species in the atmosphere. It controls the stability of the atmosphere, dominates the atmospheric chemistry, and has a radiative impact through A.C. Vandaele et al. , Krasnopolsky et al. (2004) , Mumma et al. (2009) . b , Smith (2004) , Smith et al. (2009a) . c Krasnopolsky et al. (1997) , Lodders and Fegley (1997) , Owen et al. (1977) . d Krasnopolsky (2007) , Smith et al. (2009b) . e Krasnopolsky et al. (1997) . f Hartogh et al. (2010) . g Villanueva et al. (2013) . h Maguire (1977) . i Krasnopolsky (2005) . j Encrenaz et al. (2011) . k Nakagawa et al. (2009) . l Lefèvre et al. (2004) . m Krasnopolsky (2012) . n the formation of clouds (e.g. Madeleine et al. 2012) . However, the vertical profiles of water vapor have only been measured very sporadically and only for a limited range at higher altitudes (Maltagliati et al. 2011 , or indirectly ). This is a major omission in Mars atmospheric science, which will be fully addressed by NO-MAD. The detailed distribution and variability of the water profile above the planetary boundary layer (PBL) and up to the middle atmosphere, has never been measured. The complicated interactions including cloud formation and photochemistry will be accessible with the NOMAD observations. Especially the aphelion season is a very interesting time, because of the formation of the Aphelion Cloud Belt (ACB) and a low latitude ozone maximum (e.g. Clancy et al. 2016 and Perrier et al. 2006) . The latter was previously explained by orbital variations in water vapor saturation altitudes (Clancy and Nair 1996; Lefèvre et al. 2004) . Furthermore, the introduction of heterogeneous processes on water ice clouds (Lefèvre et al. 2008 ) is argued to increase ozone abundances in the presence of clouds, although more recent cloud and ozone mapping measurements by MARCI on MRO (Clancy et al. 2016 ) place this process into question. Water vapor profiles inferred by airglow measurements from CRISM on MRO suggest that inadequacies in modeled water vapor profiles may still play a larger role in current model-data differences for Mars ozone abundances . NOMAD is planned to fully assess the aphelion cloud season at low-to mid-latitudes, both vertically and horizontally, and will contribute to further constrain the relevance of heterogeneous chemistry processes. Previous water vapor (partial) profile measurements (Maltagliati et al. 2011 provided indication of supersaturation at high altitudes. The applied method seems however questionable as it is not evident to derive supersaturation conditions by comparing fine-scale observations in a solar occultation geometry with coarse-scale model fields. The concept of supersaturation at these altitudes was nevertheless shown to have possible far-stretching implications on the escape of water from the atmosphere ). NOMAD will allow for a co-located and simultaneous observation of water vapor and temperature, providing the first direct measurements of supersaturation ratios, independent of model predictions.
NOMAD will also measure HDO, simultaneously with H 2 O, both vertically (profiles) and horizontally (total columns), which will provide a fascinating picture of the dynamics of the Martian atmosphere. HDO and H 2 O are fractionated by condensation and by photolysis (e.g. Bertaux and Montmessin 2001) , hence their distribution is an indication of cloud formation.
The D/H ratio may differ in water evaporating from the permanent polar cap (observable by NOMAD below ∼ 80
• N latitude) and elsewhere on the planet. This can provide interesting insights in the long-term evolution of water on Mars, as the permanent cap is considered to be the principal or maybe the only source of atmospheric water. However, subsurface ice (Mellon et al. 2004 (Mellon et al. , 2009 ) may also be a source of atmospheric water, possibly with a different D/H ratio. The different escape rates of H and D in the upper atmosphere are the clue to the long-term fate of the atmosphere, and explain why it is so different from Earth in terms of humidity. The D/H ratio in the lower atmosphere is roughly 5.5 times higher than the value found on Earth, showing variations with seasons and latitudes (Aoki et al. 2015; . This suggests that water on Mars has been lost through time, as the lighter isotope escaped more easily than the heavier one. By measuring the present D/H ratio, one hopes to reconstruct the history of water on the planet. Simultaneous vertical profile measurements of H 2 O, HDO and the atmospheric temperature by NOMAD will help to investigate the escape processes and evaluate upward fluxes and vertical diffusion up to the exobase. Combined with the MAVEN observations of D/H, obtained by direct measurement of the D and H Ly α emissions (Clarke et al. 2017) , these observations will provide a unique way to understand the escape processes at play from the lower atmosphere up to the uppermost layers.
Non-condensable Gases
Being the main atmospheric constituent on Mars, CO 2 undergoes a remarkable cycle of condensation and evaporation, leading to the formation of massive seasonal polar caps, atmospheric-surface mass exchange, and a seasonal cycle of the atmospheric surface pressure (Haberle et al. 2017 and references therein). Most trace gases however do not condense with CO 2 , and become enriched in terms of their volume mixing ratio (vmr). This enrichment has been observed in polar measurements of argon by GRS on Mars Odyssey (Sprague et al. 2004) . From measurements of CO at lower latitudes by CRISM on MRO (Smith et al. 2009b) , it was observed that towards the end of the southern summer, the polar hood that is by then fully enriched in CO, will start to leak this enriched air towards lower latitudes. More recent research involving new data and modeling (Smith et al. 2018) highlighted that this process of transport of CO-enriched air to northern latitudes is complicated, and lags behind the nearly instantaneous planet-wide impact on the surface pressure (that is only controlled by the CO 2 surface exchange). This means that large scale mixing processes of enriched air on Mars are not fully understood. NOMAD in nadir mode will monitor the column density distribution of CO throughout the Martian year with high spatio-temporal coverage, allowing to investigate this process with highly increased precision. The result will be relevant to all non-condensable gases.
Organics
The reports of methane observations from ground-based observatories (Krasnopolsky et al. 2004; Mumma et al. 2009 ), from space-borne instruments (Fonti and Marzo 2010; Geminale et al. 2011) , and in-situ (Webster et al. 2015) pose fundamental challenges to our understanding of the chemistry taking place in the Martian atmosphere (Zahnle et al. 2011) . These studies showed high spatial and temporal variability, which cannot immediately be explained by models (Lefèvre and Forget 2009) . Standard photochemical models (Summers et al. 2002 ) predict a lifetime for methane of 300 years, which is much longer than the mixing timescales in the atmosphere and so would imply a uniformly distributed methane in the atmosphere and no seasonal effects. Especially the data measured in (Mumma et al. 2009 ) indicate that the lifetime should be much shorter (Holmes et al. 2015) , perhaps as short as 200 days. The recent observations by the Mars Science Laboratory (MSL) at Gale Crater indicate a background level of 0.2-0.8 ppb (parts per billion), showing a seasonal pattern, and localized pulses of CH 4 reaching 10 ppb (Webster et al. 2013 (Webster et al. , 2015 . These observations suggest that at least two different kinds of emission processes produce the background and the pulses of methane, either through geology or (bio)geochemistry related processes, or combined. CH 4 is a potential biomarker on Mars Allen et al. (2006) and Hu et al. (2016) claimed that the high variability observed could be explained by sequestration and/or biological sources. NOMAD will deliver densely covered information on the presence and variability of methane, and on the processes related to its origin and destruction. Information on its origin may possibly be obtained through the simultaneous detection of CH 4 isotopologues and higher hydrocarbons such as H 2 CO, C 2 H 4 or C 2 H 6 (Wong et al. 2003) . Comparison of the isotopic ratios, in particular δ 13 C of C 2 H 6 with that of CH 4 could distinguish abiogenic CH 4 from thermogenic or biogenic sources (Allen et al. 2006; Onstott et al. 2006) . Although the extrapolation from Earth to Mars will complicate such an analysis, some first comparisons may be possible. Gases like C 2 H 2 or C 2 H 6 are also involved in serpentinization processes and will be observed by NOMAD along with CH 4 and H 2 O. Viscardy et al. (2016) showed in a model study that the vertical distribution of CH 4 can be highly non-uniform and variable after an emission from the surface. This is most interesting and was never conjectured before. NOMAD will be able to detect weak variations in the vertical distribution of CH 4 as the solar occultation spectrometer of NOMAD will be extremely sensitive to CH 4 (∼ 20 ppt, see Vandaele et al. 2015a and Table 2 ). With the dense diurnal coverage (12 to 24 vertical profiles per sol sampling all longitudes at regular intervals), combined with similar detections by ACS's MIR spectrometer, we will not only be able to confirm the presence or absence of CH 4 in the Martian atmosphere (down to ppt level) but also to monitor its variability and try to relate it to surface emissions. Therefore this finding by Viscardy et al. (2016) is highly important to NOMAD and the TGO mission, as it provides a new way to relate CH 4 to surface processes. A recent modeling study by investigates the interpretation of CH 4 vertical profiles to be returned by the NOMAD instrument, with constraints imposed on distinguishing between different emission scenarios.
In addition, the conjectured strong sink of CH 4 (Mumma et al. 2009 ) has opened a wide area of research in the past decade in search for such a sink process (Holmes et al. 2015; Knak-Jensen et al. 2014 ). NOMAD will measure the CH 4 vertical profiles simultaneously with other trace gases, and dust and ice clouds, and can contribute to further understand this open problem.
Geological Processes
Although recent active volcanism on Mars has not been observed, the presence of active outgassing may still be possible (Langevin et al. 2005; Neukum et al. 2004 ). Major gas releases associated with volcanic outgassing are expected to be sulfuric, i.e. SO 2 and H 2 S, which lie in the sensitivity range of NOMAD.
Mars Climatology and Seasonal Cycles
Continued observations are needed to better quantify the inter-annual variability and understand the physical mechanisms that govern the current Mars climate. Distinct and generally repeatable patterns occur each year in pressure, carbon dioxide deposition, temperature, aerosol (dust and water ice cloud) optical depth, and gas abundance, but there are also significant inter-annual variations (Clancy et al. 2016; Montabone et al. 2015; Smith et al. 2018) . Many aspects of such climatologies are still not yet well characterized, such as local time variations, and the vertical distribution of gases and aerosols. The seasonal variations of non-condensable gases are also important (Lefèvre and Forget 2009; Smith 2009 ). Characterization of their seasonal and spatial variations will constrain atmospheric dynamics and the timescales for mixing in the atmosphere. By considering the full NOMAD data set, which will cover 1 Martian year, for a wide range in latitudes (±80
• N/S) and local times, we will improve and extend the existing climatologies and build new climatologies for species that were so far not or only sporadically measured. This will be achieved through the characterization of the spatial (3D) and temporal variability of trace gases and dust/clouds. The extension and refinement of current climatologies for CO 2 , H 2 O, CO, (CH 4 ), O 3 , and dust/clouds will occur not only by the extension into Mars Years 34 and 35, but also and more importantly by an extension to a wider range of local times and to the vertical distribution. Moreover, many of these species will be measured at the same location and time, allowing for the study of correlations. Obviously, NOMAD will also provide new climatologies for other species, most importantly HDO, in direct combination with H 2 O, hence also for the D/H ratio. A climatology will also be composed for UV radiation levels at the surface.
NOMAD will also improve considerably our knowledge on the clouds and dust distribution and composition. Indeed, measurement of the aerosols/dust opacity across a wide wavelength range (i.e. UV to IR) allows the optical properties (such as particle composition and shapes) and size distribution of the suspended aerosols/dust to be derived through modeling of the phase function (Wilquet et al. 2009 ). The presence of ice clouds (both H 2 O and CO 2 ) will be measurable through wavelength-dependent scattering in the observed UV and IR spectra.
Data assimilation (Lewis et al. 2007; Steele et al. 2014) will bring the resulting climatologies one step further, towards fully gridded, in 3D space and time, fields that are constrained by observations, providing the most complete picture of the Martian atmosphere to date.
Sources and Sinks of the Martian Atmosphere
The third and final major objective of NOMAD will be to identify the sources and sinks of the trace gases measured during the mission. While the inventory of trace gases and the characterization of their spatio-temporal distribution and variability, which are provided by the first two science objectives of NOMAD, will provide a global picture of the composition of the Martian atmosphere, more work is required to understand the observed patterns and to refine the various components which play a role in the seasonal cycles.
This will be done by characterizing the production and loss mechanisms of trace gases, including the localization of trace gas sources related to outgassing, other forms of (sub-)surface exchange, such as adsorption, and atmospheric production and loss processes such as chemistry and cloud formation. The simultaneous detection of many gases and aerosols will allow to do cross-correlations between the datasets and identify interesting patterns, e.g. the correlation of a gas presence with cloud presence could hint at heterogeneous chemistry. The use of models will help us refine processes in the different cycles and test hypotheses. Furthermore, we can support the characterization of sites of interest for future missions or TGO observations. Examples of such a refinement are the processes related to the water cycle. The precipitation of large ice crystals as detected by Phoenix (Daerden et al. 2010; Whiteway et al. 2009 ) formed an important milestone in our understanding of Mars water ice clouds. In addition to the highly resolved vertical profiles of water vapor, from the upper atmosphere down to the top of the PBL or as close near the surface as conditions will allow for, NOMAD can complement the (localized) Phoenix findings by a more detailed picture of cloud formation. It will be possible to derive vertical profiles of water ice clouds and better understand how they impact on the water cycle.
At the surface, perchlorates were found by the Phoenix mission . Recent laboratory studies demonstrated the deliquescence of perchlorate under Mars surface conditions Whiteway 2015, 2018) including the uptake of water. This process may have an impact on the local water cycle. By investigating the water vapor column for different local times, in combination with the D/H ratio as an indicator of cloud formation, NOMAD may be able to exclude or confirm such processes. This is also highly relevant to the possible explanation of surface changes detected on Mars, which are possibly caused by processes involving liquid water or salts (e.g. Ojha et al. 2015) .
Another species that requires a detailed assessment of sources and sinks is of course methane. While the sources of CH 4 are yet unknown (although outgassing may be the most likely source, e.g. Oehler and Etiope 2017), it was already mentioned above how the conjectured unknown sink of CH 4 remains an open problem. To improve our understanding of the processes controlling the possible presence of CH 4 on Mars, correlations with abundances of other trace gases (notably H 2 O, as reaction with its photolysis product OH is the strongest known classical sink for CH 4 on Mars), as well as with dust, clouds and atmospheric state variables (temperature and others) need to be investigated. In the case of outgassing, sources must be localized and possibly related to (sub-)surface composition or mineralogy. Global circulation models will provide critical support to this search. presented the first ever use of a calculated back trajectory to explain an observed phenomenon on Mars. Similar techniques can be developed for NOMAD and CH 4 , although the strong mixing in the PBL will complicate this. Still, models, providing wind speeds and directions, will be able to provide a first confinement of source regions of possibly observed, localized CH 4 events, as they can indicate how outgassed CH 4 will spread most likely. A simple option is to do a series of emission experiments in models and select the ones best corresponding to the observed distribution (forward modeling). Inverse modeling techniques, developed for Earth, could be also applied (Bauwens et al. 2016; Stavrakou et al. 2009 ).
The use of data assimilation Lewis et al. 2007; Steele et al. 2014 ) will further constrain the model simulations and provide improved wind fields to be applied in such studies, specifically by the assimilation of temperature profiles measured by the ACS TIRVIM spectrometer in nadir mode ).
Technical Description
NOMAD is composed of three spectrometers described in the following section. The −Y face of the instrument is pointed towards the planet during nadir observations (Fig. 2) , with the nadir Lines of Sight (LOS, shown by orange arrows) pointing towards the center of Mars. The solar-pointing LOS (yellow arrows) are inclined with respect to the nadir direction by 67.07
• through the use of periscopes. The three spectrometers have each their own optical bench, but share the same single interface to the satellite. Neefs et al. (2015) and contain in-depth technical descriptions of the IR and UVIS spectrometers, respectively. Below we outline each of the spectrometers, with their main characteristics summarized in Table 3 . The block diagram of the complete instrument is shown in Fig. 3 . NOMAD consists of the following sub-systems: the three spectrometers, which generate scientific data (SO, LNO, and UVIS spectrometers); SO, LNO, UVIS proximity electronics; SINBAD, the central processor unit, which manages all electrical power and data connections between the spacecraft and the three spectrometers; the general radiator with the thermal control system. The radiator maintains the operational temperature range for the complete instrument. The control of the temperature is achieved through a series of temperature sensors distributed inside the instrument, which can turn on and off heaters when needed.
SO has been designed for solar occultation observations, i.e. looking at the Sun through the atmosphere during sunsets and sunrises. SO is operating at wavelengths between 2.3 A.C. Vandaele et al. Fig. 2 The NOMAD instrument, with the SO (1), LNO (2) and UVIS (3) spectrometers. The electronics is located on the underside of NOMAD (4). Lines of sight towards the Sun (yellow arrows) and in the nadir direction (orange arrows) are also indicated Vertical sampling 180 m to 1 km 180 m to 1 km < 300 m and 4.3 µm (2320 to 4350 cm −1 ), using an echelle grating with a groove density of approximately 4 lines/mm in combination with an Acousto-Optical Tunable Filter (AOTF). Figure 4 (top panel) illustrates the schematics of the SO spectrometer, which is also represented in 3D in Fig. 5 (top panel) . The light entering the instrument, and passing through the spectrometer entrance slit, is guided via a parabolic mirror onto a diffraction grating, operating in Littrow configuration. The same parabolic mirror then focuses the optical beam to produce an intermediate image. Finally, a set of relay optics projects the intermediate image onto an Fig. 3 Schematics of the NOMAD instrument which consists of the following sub-systems: the three spectrometers, which generate scientific data (SO, LNO, and UVIS spectrometers); their proximity electronics; SINBAD, the central processor unit, which manages all electrical power and data connections between the spacecraft and the three spectrometers; the general radiator and the thermal control system Integrated Detector Dewar Cooler Assembly (IDDCA). The AOTF is a passband filter that selects a spectral window corresponding to the desired diffraction order. The width of the selected spectral windows varies from 20 to 35 cm −1 depending on the selected diffraction order. The function of the AOTF entrance optics is to reduce the diameter of the incoming beam, to match the aperture of the AOTF. The AOTF exit optics images the beam onto the slit, which is the entrance of the spectrometer section and which defines the FOV of the spectrometer. The SO electronics consists of proximity electronics mounted next to the SO IDDCA, a radiofrequency driver unit next to the AOTF and an electronic unit mounted below the SO base plate. The SO electronics interfaces with SINBAD.
The optical layout of the LNO spectrometer (2.3 and 3.8 µm, bottom panels of Figs. 4 and 5) is very similar to that of SO. The main operational difference is that the LNO spectrometer is capable of both nadir and solar occultation observations. LNO can switch from . This mirror is driven by a motor and can be placed inside the beam. The front-end optics of the spectrometers is followed by the AOTF entrance optics (nr. 3). In the intermediate image plane of the entrance optics, a diaphragm (nr. 4) is placed that limits the FOV of the system in order to reduce scattering and ghost images, and to prevent overlap between order 1 and order 0 of the AOTF. In the LNO spectrometer, an additional folding mirror (nr. 5) had to be inserted between the AOTF entrance optics and the AOTF. An AOTF (nr. 6) selects the order from the incoming light beam that corresponds to a RF signal applied to the crystal, and outputs this small fraction of the beam towards the AOTF exit optics (nr. 7). All other orders are blocked. Via a small folding mirror (nr. 8), the AOTF exit optics creates an image of the scene (Sun or surface of Mars) on the spectrometer entrance slit (nr. 9). An off-axis parabolic mirror (nr. 10) serves as collimating lens in the spectrometer section and offers a parallel light beam to the echelle grating (nr. 11). After dispersion of the light by the grating, the beam passes again by the parabolic mirror (nr. 10), now serving, together with the detector optics (nr. 13), as imaging lens. Via a folding mirror (nr. 12), the beam is projected on the detector (nr. 14) that has its optical axis parallel to the overall optical axis of the spectrometer one line of sight to the other by operating a mirror mechanism. When the mirror is 'in' the optical path, the LNO LOS is pointed towards nadir (−Y ). When the mirror is 'out' of the optical path, the LNO LOS is pointed towards the limb and can perform measurements during solar occultations. Using this boresight of the LNO spectrometer will also allow limb observations. The flip mirror, driven by a motor, has a fail-safe mechanism that puts it permanently 'in' the optical path (nadir setting) in case of motor failure. LNO will handle the large dynamic range between solar and nadir observations by adjusting the integration time and the number of accumulations.
Some modifications were implemented to increase the signal throughput as well as to reduce the thermal background of the instrument: decreasing the highest wavelength limit of the sensitivity of the detector to reduce the impact of thermal noise (from 4.3 µm for SO to 3.8 µm for LNO); use of optical elements with lower f-number; increasing the length of the slit from 30 arcmin to 150 arcmin in the spatial direction and from 2 arcmin to 4 arcmin in the spectral direction; using a larger AOTF crystal; cooling down the spectrometer as much as possible and using longer integration times, appropriate pixel binning, and accumulating spectra. All these modifications led to a higher throughput and a higher signal to noise ratio (SNR).
The FOVs of SO and LNO have been chosen to achieve adequate spatial resolution either in solar occultation (resolution and sampling should be lower than 1 km) and nadir observations (instantaneous footprint should not be larger than 1
• by 0.3 • or 60 km by 17 km). The slit of the SO spectrometer has therefore been chosen to be a 2 arcmin (spectral direction) by 30 arcmin (spatial direction) rectangle. The 2 arcmin ensures that SO achieves an instrument line profile resolution of 0.15 cm −1 at 3000 cm −1 , corresponding to a resolving power λ/ λ of 20000, while the 30 arcmin have been imposed by the apparent diameter of the Sun at Mars (varying along the orbit of Mars around the Sun between 19 to 23 arcmin, with an average value of 21 arcmin). The size of the slit of the LNO spectrometer has been chosen to be a compromise between increasing the signal entering the instrument and limiting the footprint size. With a 4 × 150 arcmin 2 rectangular slit, LNO reaches a spectral resolution of 0.3 cm −1 and a resolving power of λ/ λ ∼ 10000 at 3000 cm −1 and an instantaneous footprint of 0.5 × 17 km 2 . Note that we expect the resolution to vary linearly across the wavelength range of both SO and LNO, as was observed for the SOIR instrument , for which the resolution varied from 0.12 cm −1 at 2300 cm −1 to 0.25 cm −1 at 4000 cm −1 . Both detectors of SO and LNO are actively cooled HgCdTe Focal Plane Array and are made up of 320 pixels along the spectral axis and 256 rows in the spatial direction (MARS-MW K508HSM, Sofradir). Ten minutes before an occultation or before a nadir overpass starts, the detector used for the observation is cooled down to a temperature of about 88 K. In SOIR on Venus-Express, the standard K 508 Stirling cooler from RICOR was used. This device has a high reliability and has been proven to be successfully used in space also on several other missions. However, its Mean Time To Failure (MTTF) is 8000 hours, which is sufficient for the SO spectrometer of NOMAD, but not for LNO. Not only lifetime (in hours) is an issue for these devices, but also the number of on/off-cycles has to be taken into account. At the time of selection, RICOR was developing a new generation of his popular K 508 cryocooler series (K 508 N) with predicted MTTF of 20000 hours. However, performance of the K 508 N, and especially lifetime, were not sufficiently proven and an alternative was offered to fulfill the NOMAD requirements (both for a SO and a LNO scenario and both for MTTF and on/off cycles). The K 508 HSM (High Speed Motor) is derived from the standard K 508 by modifying the stator coil winding of the motor. All other mechanical parts are kept strictly identical. The K 508 HSM has an increase in reliability due to a lower operating pressure that decreases the radial constraints on the compressor's ball bearings, a critical part with regard to lifetime degradation. The loss of power, due to the lower pressure, is compensated by the higher rotation speed of the motor resulting in similar cooldown times as the K 508 at slightly higher power consumption. An intensive study of the different sources of noise, and their effect on the performance of the SO and LNO spectrometers has been reported in . Figure 6 A.C. Vandaele et al. Fig. 7 Layout of the UVIS spectrometer: the entrance slit (S), the aperture (A), the collimating mirror (M1), the diffraction grating (G), the focusing mirror (M2), the 2nd order filter (F) and the detector (CCD) gives the SNR values for the SO and LNO spectrometers, at the central wavelengths of the orders, for typical integration times and for three different temperatures of the instrument (263 K, 273 K, 283 K). For SO and LNO operating in solar occultation mode the figure gives the single pixel SNR values (no binning, no accumulations). For the LNO spectrometer working in nadir mode, the signal considered was the Sun radiation being reflected on the surface of Mars. The pixels from one detector column have been binned over the slit height (144 pixels) and individual spectra have been accumulated over the duration of a measurement (15 s). These numbers have been obtained after considering the effect of the different optical elements composing the spectrometers on the incoming radiation and an estimation of the detector noise for typical observations (solar occultation or nadir observations) under different observing conditions (impact of the solar zenith angle, of the dust loading, of the surface reflectivity; see for the full detailed analysis). In the case of solar occultation measurements, the noise is shot noise limited while in nadir measurements, the noise will be due to the thermal background (radiation emitted by the optical elements themselves). Hence the observation strategy is different for solar occultation than for nadir measurements, as will be explained further in the next section.
The UVIS spectrometer is based on the conventional Czerny-Turner configuration (Czerny and Turner 1930). Figure 7 illustrates the basic layout of the spectrometer while Fig. 8 illustrates the different elements composing the spectrometer. The light enters the instrument through telescopes connected to optical fibers which transport the light to the selector mechanism placed just before the entrance slit of the spectrometer. Each telescope is equipped with an extension tube limiting stray light from outside the FOV to enter the instrument. The spectrometer is an imaging system with a magnification equal to 1. More details on the instrument can be found in . The spectral range is very broad (200-650 nm) with optimized performance in the UV range. The blaze angle and incidence angle are chosen to achieve the highest reflectance of the first diffraction order at 220 nm. A 2nd order filter solves the issue of the overlap between the 1st and the 2nd diffraction orders of the grating. The solar FOV of UVIS (2 arcmin circular) has been chosen to ensure a vertical resolution better than 1 km, while the nadir FOV of 43 arcmin (circular) is compatible with an instantaneous footprint of 5 × 5 km 2 . The slit width is 65 µm which corresponds to a spectral resolution < 1.6 nm. UVIS has one periscope for the solar (narrow field) telescope and a cut-out hole in the NOMAD cover for the nadir viewing telescope. UVIS switches between nadir and solar viewing angles by alternating which optical fiber is placed in front of the spectrometer slit through the use of the selector mechanism selecting either the occul- Fig. 8 Overview of the different elements composing the UVIS spectrometer. Top panel: the two entrance telescopes (for nadir and solar occultation respectively, each equipped with a tube, preventing straylight from outside the wanted FOV to enter the instrument), the periscope in front of the solar occultation telescope, the fibers transporting light from the telescopes to the selector mechanism, the spectrometer section, and the proximity UVIS electronics. Bottom panels: focus on the selector mechanism tation telescope fiber (narrow field) or the nadir telescope fiber (wider angle). The selector mechanism is a rotating motor mechanism with established space heritage from the GAP instrument on the Beagle-2/Mars Express mission (Towner et al. 2004) . The baseplate on which all optical elements are mounted, has been manufactured from carbon fiber composite to ensure low mass and sufficient stiffness with minimal thermal expansion. The cover of the instrument incorporates a series of baffles to limit stray light to reach the detector. The detector is an e2V CCD30-11 having an image area of 26.6 × 6.7 mm, using an array of 1024 × 256 pixels with 26 µm pixel pitch. No active cooling system is coupled to the detector. The analysis of the radiometric performance of the UVIS spectrometer has been carried out for solar occultation and nadir observations (Vandaele et al. 2015b) . Some results are shown in Fig. 9 for both types of observations and typical conditions of measurements. A.C. Vandaele et al. 
Science Implementation
The ExoMars Trace Gas Orbiter (Svedhem 2017) arrived at Mars in October 2016 and is now orbiting the planet in a very elongated orbit slowly reducing its apocenter to reach its final orbit, probably in March 2018. At that time, the science phase will start. The TGO science orbit should be near-circular (eccentricity of 0.0069), varying between 380 and 430 km above the planet's surface, with an inclination of 74
• , such that the ground track repeats after 373 orbital revolutions (or 30 sols) with one orbital period being approximately 2 hours long (12 orbits in one sol). This is the so-called 373/30 track, i.e. 373 orbits in a 30 sols repeat cycle. The flown orbit will not be actively corrected to match that repeat cycle so that after 373 orbits the ground track nominally always coincides. A drift may build up with time because there is no requirement to match the ground track exactly. This orbit will provide optimum coverage of the surface and solar occultation possibilities for the science instruments, while still allowing the spacecraft to relay data from the different assets now on the planet, as well as from future landers and rovers, in particular those of the ExoMars 2020 mission. The spacecraft will follow a complex set of maneuvers (Svedhem 2017) to point the different instruments towards the surface (nadir observation on the day and night sides of the planet) and allow NOMAD and ACS to point to the Sun during solar occultation observation (two such observations, ingress and egress, are possible for each orbit). NOMAD will make use of different observation modes to fulfill its scientific objectives, such as solar occultation, nadir observations, and limb measurements. Solar occultation observations will provide high vertical resolution (< 1 km) profiles of the structure and composition of the atmosphere, while nadir observations will provide vertical column maps of the relevant species. In the following, we will not dwell too much on limb measurements (same geometry as in solar occultation but with the Sun outside of the FOV), since up to now such observations are still not part of the baseline sets of observations supported by the spacecraft. Besides these scientific observational modes, NOMAD will also perform a series of calibration and alignment observations. These include dark sky observations, lineof-sight misalignment calibrations, determination of optimized integration times for the different detectors, spectral and AOTF bandpass calibration using solar lines, detector readout calibration, as well as the radiometric calibration of the nadir spectrometers (Vandaele et al. 2015a) . Already a series of calibration observations have been carried out during Near Earth Commissioning, Mid Cruise check out and the two Mars Capture Orbit sessions which were allocated in November 2016 and March 2017. These observations are being analyzed to obtain the latest characterization of the instrument, complementing the measurements performed in the laboratory before integration on the spacecraft.
NOMAD is built as a 3D mapping instrument, designed to make as many measurements as possible without exceeding the allocated data volume. For nominal science, NOMAD will typically perform 4 measurements per orbit: Solar occultation during egress (SO+UVIS); dayside nadir (LNO+UVIS); Solar occultation during ingress (SO+UVIS); nightside nadir (LNO+UVIS). A typical orbit sequence is shown in Fig. 10 . NOMAD therefore permits the full exploitation of the orbit. Solar occultation measurements are the primary type of measurements for NOMAD. They deliver the highest SNR, allowing the instrument to meet its science objectives. Typically, there will be two occultations of ∼4-17 minutes each per 2-hour orbit, leading to a total measurement time of around 100-400 minutes per day depending on the β angle. At sunset, the recording of spectra starts well before the occultation occurs (the solar spectrum outside the atmosphere is used for referencing), and continues until the line of sight crosses the planet. At sunrise, the recording of spectra continues well above the atmosphere to provide the corresponding reference. Transmittances are obtained by dividing the spectra measured through the atmosphere by the reference spectrum recorded outside the atmosphere (Trompet et al. 2016) . In this way, transmittances become independent of some instrumental characteristics, such as the absolute response or the aging of the instrument and in particular of the detector. From a 74
• inclined orbit, the latitudes covered in solar occultation range from 88
• N to 90
• S (see Fig. 11 ) with good revisit time at various solar longitudes, while nadir observations will provide global coverage (in terms of latitude/longitude and local times). This is illustrated in Figs. 12 and 13 , which show some typical orbit tracks for a period of 10 days and 1 day respectively. Figure 11 represents the seasonal coverage of solar occultations over one Martian year. The gaps between the eclipse seasons vary between 4 and 16 days during which grazing solar occultations could be performed (occultations for which the minimum tangent height is above the Martian surface). In one Martian year, there are approximately 8244 orbits, i.e. 687 days/year*12 orbits/day, and each possibly giving 2 solar occultation profiles. In Fig. 11 , 7006 orbits are shown during which full solar occultation occur (β angle ≤ 63.5
• , occultations reaching the surface) leaving 1240 orbits with possible (near) grazing occultations and calibration periods. The equatorial region and mid-latitudes between ±45
• are not sounded very frequently (only 25% of all observations, i.e. 1752 out of 7006 total solar occultation orbits). In fact, the distribution is 6%, 15%, 25% and 51% for latitudes between ±15
• , ±30
• , A.C. Vandaele et al.
Fig. 10
A typical observation sequence for a standard orbit, showing which spectrometers can operate at each step. The solar occultation events occur at specific times, and so these drive the timings of all observations. Note that this only applies when the beta angle is small-at increasing angles, the occultations increase in duration and move to lower latitudes, until there is insufficient time to run a nightside nadir measurement between them. The off-periods will be placed strategically to avoid loss of coverage of certain regions
±45
• and ±60
• , respectively. This means that the polar latitudes (both N and S) are sounded about 50% of the time. Figure 14 shows the evolution of the eclipse and solar occultation durations, as well as the beta angle, as a function of the solar longitude during 1.5 Martian year. The eclipse duration is the time during which Mars is fully occulting the Sun as seen from the TGO spacecraft, while the solar occultation duration is the time during which the solar line of sight crosses the atmosphere from 250 km tangential height at the limb until the surface. The higher the beta angle the shorter the eclipse duration and the longer it takes to perform a solar occultation observation (and vice-versa) . The occultation duration is rather short ∼4-6 minutes at low beta angles, and reaches ∼10-17 minutes at high beta angles. In the latter case, the ingress and egress measurements will possibly have to be merged leading to a total measurement time of approximately 40-45 minutes per solar occultation observation. The precooling duration of the IR-spectrometer is not included here and is typically set to 10 minutes prior to the start of a science measurement. However, this value can be modified in-flight if necessary. Simulations showing how the beta angle affects solar occultation and nadir measurements are shown in Figs. 12 and 13. The majority of occultations will occur at high latitudes and small beta angles, but a non-negligible number also occur in equatorial regions. An example of this is shown in Fig. 15 on which the location of the NASA Curiosity Rover is indicated.
The solar occultations occur down to the surface for beta angles less than 63.5
• , though NOMAD requests to operate during solar occultations that occur up to beta angles of 67 where the lowest altitude reached will be 100 km. These are the so-called near grazing occultations where the Sun is partially occulted by Mars, or grazing occultations during which the Sun probes the atmosphere, but is never actually occulted by Mars. At beta angles higher than 67
• , the solar occultations cannot be performed. Calibration sessions will therefore be scheduled in these periods.
UVIS always measures a full spectrum, so telecommands only need to specify which optical fiber should be positioned at the input of the spectrometer, and to properly select the integration time and pixel binning. Other properties, such as detector readout and power characteristics, are pre-programmed to their optimal values. UVIS can perform observations with an integration time of 1 ms to 15 s (larger values only constrained by footprint size and saturation). To limit data rate when using short integration times, spectra can be accumulated on board to create a higher SNR spectrum.
SO and LNO spectrometers can record several spectral windows, up to 6, each having a width ranging from 20 to 35 cm −1 , in one measurement cycle. The duration of this cycle is different for solar occultation and nadir observations, because the levels of light recorded in these modes greatly differ. Typically, the cycle is of 1 s for solar occultation and 15 s for nadir observations.
The central wavelength of the AOTF bandpass of the IR spectrometers is selected by the radiofrequency (RF) applied to the transducer. The bandwidth-22 and 24 cm −1 for the SO A.C. Vandaele et al.
Fig. 12
Results of a 10-day orbit simulation where the beta angle is low. Top: dayside nadir coverage, showing how the solar zenith angle varies across the nadir groundtrack. Here a cut-off at 70 • was applied, hence no polar coverage or nightside nadir observations are plotted. In reality, the cut-off will be varied to avoid large gaps in coverage. Bottom: solar occultation coverage for the same 10 days, where the color denotes the local solar time, which here is around 10am or 10pm for this period and LNO respectively-is close to the width of one order of diffraction of the echelle gratings. When no radiofrequency is applied, light entering the crystal will just pass through following the zeroth order path. The entrance slit of the spectrometer is placed at the 1st order location (one of the two polarizations in fact) which is slightly off the zeroth order direction. The slit serves as a zeroth order trap for all light that is not exactly aligned with the 1st order. In this configuration, the detector only sees radiation generated after the AOTF (from the slit onwards). This setting can be used to perform background and dark current measurements (hereafter called 'dark' observations), for on-ground subtraction from the measured spectra. Typically, this option will be used in solar occultation: one of the 6 spectral AOTF settings in each measurement cycle will be dedicated to this dark observation, leaving only 5 settings for atmospheric measurements. A typical observation sequence is illustrated in Fig. 16 . Fig. 13 Results of a 1-day orbit simulation where the beta angle is high. Top: dayside nadir coverage, showing how the solar zenith angle varies across the nadir groundtrack. Due to the higher beta angle, the surface solar incidence angles are much greater here, with a minimum value of 61 • , which reduces the reflected nadir signal and hence negatively affects the LNO and UVIS nadir SNRs. Again, a cut-off of 70 • was applied, hence no polar coverage or nightside nadir observations are plotted. Bottom: solar occultation coverage for the same day, where the color here denotes the altitude of the tangent point i.e. the altitude where the occultation field of view is closest to the surface of the planet. The occultations begin around 30 • latitude and move westward. The higher beta angle here means that the solar occultations are longer, covering a large groundtrack. On the tenth orbit, the distance between the occultations reduces so that the two occultations join together-from this point, the tangent altitude does not reach zero, and hence they become grazing occultations
In nadir mode, however, LNO will use a second option; i.e. using half the available measuring time to perform an atmospheric measurement and half for a dark current measurement (see Figs. 16 and 17) . This mode was used on board SOIR. On board background subtraction will be necessary for nadir observations because of the high expected level of thermal noise which will be the main contribution to the signal. Removing the dark on board will improve the dynamical response of the detector signal transmitted. It does halve the integration time, however, which reduces the SNR. A.C. Vandaele et al.
Fig.
14 Evolution of the eclipse duration (blue), the solar occultation duration (red) and the beta angle (green) in function of the solar longitude during 1.5 MY (MY34 and half of MY35). The higher the beta angle the shorter the eclipse duration and the longer it takes to perform a solar occultation observation (and vice versa) Building on our expertise with SOIR, we have introduced another modification in the setting of the AOTF frequencies: there is now the possibility to switch to a second set of 6 spectral domains at a given moment during the observation. In the case of solar occultation, this means that from the top of the atmosphere down to e.g. 60 km we can observe more abundant gases or more intense absorption bands and then switch to detection of less abundant gases at an altitude where the optical path is longer and we have more chance of detecting them. Figure 18 illustrates a typical observation sequence during solar occultation. Figure 19 illustrates the pointing achieved by all three spectrometers when pointing to the Sun or to the planet (nadir). The "suntracking" pointing mode will be used during the solar occultation measurements. The spacecraft (S/C) will track the Sun position throughout the observation. During an occultation, the slit orientation will stay inertially fixed throughout the whole pointing duration, being perpendicular to the limb at 30 km altitude. The nadir pointing mode will be used for night and dayside nadir observations. The S/C −Y -axis is pointed to the Mars center, while S/C +Z-axis is perpendicular to the Sun direction, with the Sun incident on the −X-panel. There will be a continuous nadir tracking through the pointing block. Note that for power consumption limitation, SO and LNO cannot operate together any longer, as was initially proposed.
The instantaneous fields of view (IFOV) of both IR spectrometers when observing in solar occultation are limited by the apparent size of the solar disk (average value of 21 arcmin, varying along the orbit of the planet around the Sun from 19 to 23 arcmin) and by the slit width (2 arcmin for SO and 4 arcmin for LNO, the long side of the slit being perpendicular to the limb), whereas for UVIS it is only limited by the size of the aperture (2 arcmin circular). The instantaneous fields of view of the SO and LNO slits at the limb are thus 1 × 12 km and 2 × 12 km, respectively. However, the vertical resolution and sampling are governed by the number of rows binned, as explained in Table 4 . A total of 24 spectra can be transmitted to Earth per cycle of observation due to downlink limitation. So, if 6 different wavelength intervals are recorded, only 4 spectra per such interval can be downloaded. As shown in Table 4 , this can be 4 single rows, 8 rows binned by 2, or all 24 rows illuminated binned by 6. The instantaneous field of view of each of these spectra corresponding to one bin varies from 0.5 km (single rows) to 3 km (24 rows binned by 6). Binning 2 rows into one spectrum for download ensures the 1 km resolution promised by NOMAD. The maximum vertical descent velocity of 1.2 km/s will delineate the sampling rate and the final FOV. The maximum vertical displacement of 1.2 km in a second means that there is an overlap between bins sampled in consecutive measurements of the same spectral window (Vandaele et al. 2015a) .
In nadir observations, the instantaneous field of view of the LNO slit (4 arcmin × 144 arcmin) corresponds to a footprint of 0.5 × 17 km 2 , and that of UVIS (43 arcmin) to 5 km 2 . The velocity of the spacecraft is approximately 3.4 km/s projected on the ground (3386 km Mars radius, altitude 400 km, orbital period 7100 s). This implies that, in 15 s, the slit spans 51 km across the surface. The nadir observation mode therefore provides vertical columns with spatial footprints varying from 0.5 × 68 km 2 up to 17 × 51 km 2 for LNO, Fig. 16 (Left) Typical solar occultation observation with six spectral windows (different AOTF settings called SUB1, SUB2 etc.), one being 'dark'. The cycle is 1 s, leading to 150 ms per AOTF setting, and therefore 3 accumulations (ACC1, etc.) for an integration time of 40 ms plus 10 ms readout (PROC). For each setting, the integration time is determined based on the saturation limit of the detector (depending on the observed signal and the sensitivity of the instrument in the selected diffraction order) and the number of co-added measurements is imposed by the total time of one observation. (Right) Typical nadir observation with three spectral windows (different AOTF settings). The cycle is 15 s leading to 5 s per setting. For each setting, the measurement is composed of the succession of two atmospheric observations and two dark observations, which are directly subtracted on board Each measurement is a succession of an 'atmospheric' one (blue, yellow and green) and a 'dark' one (gray), the latter being subtracted on board. Several accumulations are co-added for each order. Here two are shown (Acc1, Acc2) but more can be accumulated depending on the integration time and the total AOTF settings selected depending on the orientation of the spacecraft, and of 5 × 56 km 2 for UVIS (for observation time ∼ 15 s). As the CO 2 column abundance is retrieved at the same time, systematic error sources are eliminated and mixing ratios can be determined.
The data rate of SO and LNO are relatively fixed, but during periods when the data rate is higher, UVIS can take spectra more rapidly; whilst for periods where the data rate is lower, either the nightside nadir observations can be omitted or the spectrometers can be run at a lower measurement rate. The nightside nadir measurements are scheduled to be planned at low beta angles periods when the eclipse duration is rather long. During this period, there will be sufficient time to perform nadir nightside measurements between two solar occultation observations. By carefully matching instrument capability to the expected data volumes, NOMAD can operate nominally and continuously throughout the majority of the mission. This is further improved if the allocated portion of on-board storage (128 Gb) on TGO is used, which would allow NOMAD to continue operating nominally for 3-4 months while downlink rates reach the minimum during solar conjunction periods. If data rates are limited, either the number A.C. Vandaele et al. of diffraction orders of the IR spectrometers can be reduced or the measurement time can be increased e.g. the data rate can be halved by running 3 diffraction orders every second or 6 diffraction orders every 2 seconds. This can be reduced further for periods with very low Mars-Earth transmission rates. However, as explained above, NOMAD could operate for several months using TGO's on-board storage. Similarly, the UVIS spectrometer has two principal modes of operation. In the typical operating mode (0.33 s per measurement), a vertically-binned full spectrum is measured at 20-bit resolution. If data transmission is limited, the measurement rhythm can be reduced so that fewer spectra are returned per second.
If higher data rates are available, SO and LNO cannot typically utilize the extra available bandwidth. However, UVIS can be run at a higher temporal resolution up to a limit imposed by the NOMAD central processing unit, or can be run in "full frame" mode, where the signal values for each pixel are returned individually, which increases the spectrometer's SNR.
The scheduled payload observations could be impacted by the regular wheel-off-loadings periods (1 orbit per day) and orbit correction maneuvers (2 orbits per month needed for one correction). Also, the NOMAD thermal constraints have to be met respecting the 80 minutes ON, 40 minutes OFF thermal cycle in a 2-hours orbit. This means that the nadir dayside observations need to be shortened to fit this thermal cycle profile. It also means that the nightside nadir observations will need to be skipped most of the time to stay within NOMAD thermal constraints to have a sufficient cool-down period.
Expected Performance
Initial studies of the performance of NOMAD were published in Vandaele et al. (2015a) and , in which detection limits for most trace gases were determined for solar occultation and nadir observations. These studies were based on the latest optical models of the three NOMAD spectrometers Vandaele et al. 2015b ), using best estimates of the SNR. The Near Earth Commissioning (NEC), Mid-Cruise Checkouts (MCC) observations as well as these performed during the two Mars Capture Orbit sessions (MCO) will help in updating these optical models by considering calibration data obtained under real space conditions. Note however, that, because of the presence of the Entry, Descent and Landing Demonstrator Module (EDM) and the absence of Mars, thermal conditions during NEC and MCC were not comparable to those under which science observations will be conducted, since the EDM was located just above our instrument preventing the NOMAD radiator to dissipate heat in an optimal manner. Similarly, because the highly elongated orbit prevailing during the two MCO periods was very different to the final quasi-circular orbit, thermal conditions during these observations were again not similar to the ones which will be attained during the science orbit. The final updates of the optical models, and therefore the values of SNR and associated detection limits, will need re-investigation when in nominal science orbit after aerobraking.
NOMAD is expected to improve significantly our knowledge of the composition of the Martian atmosphere, since the detection limits for several species will be improved in some cases by more than an order of magnitude. Table 2 , summarizes the results obtained in Vandaele et al. (2015a) and for nadir observations, while Figs. 20, 21, 22, 23 illustrate the detection limits obtained in solar occultation. The detection limits were determined for UVIS considering a SNR of 500 for both viewing geometries (Vandaele et al. 2015b) . The detailed SNR analysis performed on LNO nadir observations considered the contribution of the solar radiation reflected from the planet's surface under different Martian conditions: when Mars is at aphelion (farthest away from the Sun) or at perihelion (closest to the Sun), considering different surface albedos, different angles of the Sun illumination, and different dust loadings . The SNR can vary hugely depending on the combination of factors listed above, therefore an SNR of 100 has been considered in the following analysis.
For solar occultation observations with SO, the detection limits were determined assuming a one-second cycle with 6 different spectral windows and a spectral resolution of 0.15 cm −1 . The detailed SNR study revealed that for typical conditions, values around 5000 were obtained (Fig. 6) . Real SNRs will be reduced by the presence of dust and aerosols, and therefore a value of 2000 should be considered for the SO spectrometer when operating in solar occultation mode. Likewise for LNO in occultation mode, an SNR value of 3000 should be considered, which corresponds to the larger slit of LNO compared to that of SO.
The impact of dust or clouds was not included in the preliminary investigation of the detection limits performed in , although their impact was considered in the SNR studies for the three spectrometers Vandaele et al. 2015b ). Dust has a very different effect on solar occultation compared to nadir observations. This effect depends on the composition, form and optical properties of the aerosols considered. This is illustrated in Figs. 24 and 25, where several spectra are shown for different atmospheric dust loadings for solar occultation and nadir observations, respectively. In solar occultation, dust and clouds will mostly reduce the level of sunlight reaching the instrument by extinction, whereas in nadir observations, the situation is more complex and depends highly on the optical properties (single scattering albedo, phase functions) governing the interaction of light and the aerosols. All the simulations in nadir shown here were obtained using a full scattering scheme adapted to Martian conditions (Drummond et al. 2011; Vandenbussche et al. 2013) . The model includes Rayleigh scattering and aerosol properties (i.e. single scattering albedo, optical depth and aerosol scattering matrix provided as Legendre polynomials) which are wavelength-dependent. These optical quantities were calculated based on the vertical number density distribution from Smith (2004) and Esposito et al. (2007) . The dust refractive index is from Ockert-Bell et al. (1997) and the grain size distribution is from Clancy et al. (2003) . The Sun irradiance has been considered here as a blackbody at the temperature of 5967K, the value most compatible with recent SOLSPEC observations ). The surface is considered to be Lambertian, characterized by a constant, wavelength-independent, albedo.
The impact of the dust loading on the detectability of several species during solar occultation has been investigated further. Results are shown in Fig. 20 for methane and other A.C. Vandaele et al. trace gases for different dust loading (aerosol optical depth of 0-no dust, 0.1 and 1.0). Dust in solar occultations has the effect of reducing the radiation reaching the detector. The extinction due to the dust is the principal process, as the change in signal through scattering is negligible in this geometry. The impact is more pronounced below 30 km tangent height, and can even prevent detection below 20 km for the higher loadings . One of the key objectives of NOMAD is the detection of isotopologues. The high spectral resolution of the IR spectrometers will ensure the high sensitivity requested for the search of trace gases and isotopologues. Figure 26 for the isotopic ratio. In the case of CH 4 , CO and CO 2 we considered values of isotopic ratios identical to the ones on Earth, while for HDO we corrected the value by a factor of 5.6 to take into account the higher abundance of HDO relative to H 2 O on Mars. As can be inferred from Fig. 21 , NOMAD will be able to provide H 2 O and HDO vertical profiles even above 40 km of altitude. SPICAM/MEx observed detached layers of water at higher altitudes peaking between 60 and 70 km, with abundances varying between 50 and 100 ppm ). These detached layers were observed in the southern hemisphere at L S = 205-210
• . NOMAD will also be able to detect such increase of water abundance, and with concurrent observation of H 2 O and HDO, NOMAD will deliver D/H vertical profiles up to the higher layers of the atmosphere. Combining these observations with MAVEN measurements of D and H Ly α emissions (Clarke et al. 2017) , will allow a global view and understanding of the variability of the D/H ratio within the Martian atmosphere from the surface up to the highest layers of the atmosphere, giving some insights on the history of water on planet Mars. Moreover, NOMAD will enable us to derive temperatures from the CO 2 density measurements (see for example for similar results from the SOIR observations of Venus). Associated with the H 2 O profiles, these measurements will allow NOMAD to investigate in depth the supersaturation issue of water vapor in the Martian atmosphere. CO 2 density will be measured during all solar occultations. At least one order (of the 6 available) will be devoted to CO 2 . With the possibility to have different settings (i.e. selection of orders or spectral regions recorded) for the lower and upper parts of the atmosphere, NOMAD will ensure that a complete CO 2 vertical profile is obtained from the highest altitudes probed down to the surface. Indeed, selecting strong absorption lines will provide CO 2 abundance in the highest layers, while weaker lines will be used to probe the lower altitudes, where the stronger lines would be saturated. Figure 23 shows that NOMAD will be able to separate the contribution from the different isotopologues of CO 2 . This will lead to the determination and validation of the 13 C/ 12 C, 17 O/ 16 0, and 18 O/ 16 O isotopic ratios. One of the key targets for vertical profiling is CO for which such information is still missing today. Using absorption lines of different strength, NOMAD will be able to derive the CO profile from the surface (in clear sky conditions) up to the highest layers. CO iso-topologues will also be detectable and will provide information on the 13 C/ 12 C, 17 O/ 16 0, and 18 O/ 16 O isotopic ratios. NOMAD will also improve the detection of a series of trace gases, sometimes allowing the first potential detection ever (Fig. 20) . Formaldehyde (H 2 CO) is produced during the oxidation of methane, and could also be released through biogenic processes. Previous detection limit of 4.5 ppb and 3.9 ppb were reported by Krasnopolsky et al. (1997) and Villanueva et al. (2013) respectively. Figure 20 (Panel C) shows that NOMAD is able to observe H 2 CO up to 40 km altitude. Measurement of C 2 H 2 , C 2 H 4 and C 2 H 6 will help to identify the origin of CH 4 . On Earth, thermogenic sources are characterized by low CH 4 /C 2 H 6 ratios, while biogenic sources of CH 4 correspond to high values (Allen et al. 2006 ). Detection of C 2 H 6 would indicate a geochemical origin of CH 4 , assuming that no ethane-producing microbes exist on Mars (Etiope 2018) . Moreover, these compounds are also produced by photo-dissociation and oxidation of CH 4 (Wong et al. 2004) , so that their detection would be an indirect confirmation of the presence of methane. A recent study (Villanueva et al. 2013) reported upper limits of 6, 4, and 0.7 ppb for C 2 H 2 , C 2 H 4 , and C 2 H 6 respectively, which could be measured by NOMAD up to 50 km altitude (see Fig. 20 -Panel C). HO 2 has been predicted by models (Lefèvre et al. 2004) and Fig. 20 -Panel E compares the results from the GEM-Mars model with the expected sensitivity of NOMAD. No sulfur-bearing species has been detected to date in the Martian atmosphere. Both Encrenaz et al. (2011) and Nakagawa et al. (2009) reported an upper limit of 2 ppb of SO 2 , while recent groundbased observations of the Tharsis region revealed upper limits of 1.1 ppb . HCl is probably the most abundant reservoir of chlorine on Mars. Early volcanic activity could have produced HCl later converted into perchlorates. Uplifting of perchlorates to higher altitudes would allow photo-chemical reactions providing a source of chlorine in the atmosphere. An upper limit of 0.6 ppb of HCl was reported by Villanueva et al. (2013) , which would be detected by NOMAD up to altitude of 20 km under clear sky conditions (see Fig. 20 -Panel C).
Aerosol slant optical depths and extinction are derived routinely from solar occultation observations, as was demonstrated with SOIR/VEX . Measurement of the aerosol opacity simultaneously across a wide wavelength range (i.e. UVIS, SO and LNO, and if possible ACS/NIR) also allows the optical properties, composition and size distribution of the suspended aerosols to be derived or constrained through Mie-modeling of the wavelength dependence of the extinction Wilquet et al. 2009 ).
Combining UV (NOMAD/UVIS), NIR (ACS) and IR (NOMAD/SO and LNO) spectral ranges will allow a thorough investigation of the dust and clouds in the Martian atmosphere. Because of the very wide spectral range observed, it will be possible to constrain the micro-physical properties of the Martian aerosols. In addition, through a careful selection of adequate spectral orders in the 2.5-3.5 µm spectral window it could even be possible to distinguish between dust and H 2 O ice clouds (Fig. 27) .
Depending on season, altitude, local solar time and location, the Mars atmospheric temperature can be cold enough for CO 2 to condense and CO 2 ice clouds to form. CO 2 ice particles have been detected both in the lower atmosphere (≤ 20 km) during the polar night (Giuranna 2008; Ivanov and Muhleman 2001; Pettengill and Ford 2000) and in the mesosphere (50-100 km) at equatorial latitudes (Clancy et al. 2007; Määttänen et al. 2013; Montmessin et al. 2007) .
Small CO 2 ice grains might be observed with UVIS at high latitudes and altitudes while larger grains at lower altitudes and equatorial latitudes might be observed with SO in the IR based on the diagnostic CO 2 ice 4.26 µm feature, as the SO spectral window ends at 4.3 µm. Around 4.26 µm, there is an important increase of the CO 2 ice imaginary refractive index, Fig. 27 Wavelength dependence of the computed normalized extinction for H 2 O ice (top panel), dust (middle panel) and CO 2 ice (bottom panel) particles as a function of the wavelength and for different effective radii given by the color code in the middle panel. The spectral regions probed by NOMAD/UVIS, SO (red frames) and LNO (dashed line) are also indicated. The refractive indexes that are adopted for the Mie computation are from Warren and Brandt (2008) for H 2 O ice, from Wolff et al. (2009 Wolff et al. ( , 2010 for Martian dust and from Hansen (1997 Hansen ( , 2005 for CO 2 ice. The particle size distribution used is a log-normal distribution with r eff = 0.2 µm corresponding to the fundamental ν 3 band of CO 2 ice, that leads to a strong variation of the extinction with wavelength in the 4.0-4.5 µm region (Fig. 27) .
In nadir mode, the contributions from the dust and clouds and from the surface are not easily distinguishable. Nevertheless, it is possible to retrieve information on the integrated optical depths of dust and ice clouds ). The surface reflectivity was also considered and was retrieved in the cases where no ice clouds were present in the observed scenes, ice clouds reducing the sensitivity in the surface albedo.
The impact of the dust loading on nadir detection limits is very weak in the IR. We performed retrievals of methane using the diffraction order 134 (3011-3036 cm −1 ) under different conditions of dust loadings defined by the aerosol optical depths (AOD). The results for three different scenarios are given in Fig. 28 . A series of spectra were simulated for different CH 4 volume mixing ratio (vmr) values, ranging from 2 to 100 ppb, considering typical noise levels expected at Mars . The degrees of freedom for the signal (DOFS) of the retrievals are plotted in function of different vmr values: when the CH 4 vmr is high, there is no problem retrieving that value, and the DOFS is close to 1; when A.C. Vandaele et al. the injected CH 4 vmr value decreases the retrieval can not distinguish the CH 4 signature from the noise anymore, and the DOFS value goes to 0. The detection limit is determined to correspond to a value of DOFS of 0.5. While the signal increases with the dust loading as can be seen in Fig. 25 , the detection limits remain of the same order, 13 ppb compared to the 11 ppb in the case of the dust-free scenario, denoting a very weak impact of dust on the retrieval of CH 4 . This is entirely explained by the primary effect of dust/aerosols on the observed radiance in the IR, where the type of dust particle considered in these simulations leads to an increase of the signal reaching the instrument. In that case, the detection limit will be mostly limited by the amplitude of the absorption feature itself.
Conclusions
The NOMAD ("Nadir and Occultation for MArs Discovery") spectrometer suite will conduct a spectroscopic survey of Mars' atmosphere in the UV, visible and IR domains covering the 0.2-0.65 and 2.3-4.3 µm spectral ranges. The instrument is composed of three spectrometers: a solar occultation only spectrometer (SO) operating in the infrared wavelength domain, a second infrared spectrometer capable of doing nadir, but also solar occultation and limb observations (LNO), and an ultraviolet/visible spectrometer (UVIS) that can work in all observation modes. The spectral resolution of SO and LNO surpasses previous surveys in the infrared. NOMAD offers an integrated instrument combination of a flight-proven concept (SO is a copy of SOIR on Venus Express), and innovations based on existing and proven instrumentation (LNO is based on SOIR on board Venus Express), that will provide mapping and vertical profile information at high spatio-temporal resolution.
NOMAD will detect a large number of species, including isotopologues of the key species of the Martian atmosphere, such as CO 2 , CO, H 2 O and even CH 4 . Combining 2D-vertical sounding and mapping observations during the primary science phase, NOMAD will deliver a global 4D view of the atmosphere of Mars.
